We examined patterns of relapse and prognostic factors in children with intracranial ependymoma. Records of 82 children diagnosed with localized intracranial ependymoma were reviewed. 52% first presented to our institution after relapse. Median age at initial diagnosis was 4 years (range 0-18 years). Gender was 55% male. Initial tumor location was infratentorial in 71% and supratentorial in 29%. Histology was WHO Grade II in 32% and Grade III in 68%. As part of definitive management, 99% had surgery, 70% received RT (26% 2D/3D-conformal RT[CRT], 22% intensity-modulated RT [IMRT], 22% proton), and 37% received chemotherapy. Median follow-up was 4.6 years (range 0.2-32.9). Overall, 74% of patients relapsed (50% local, 17% distant, 7% local + distant) at a median 1.5 (range 0.1-17.5) years. Five-year OS and FFS for patients presenting prior to relapse are 70% (95% confidence interval [CI], 50-83%) and 48% (95% CI 30-64%), respectively. On log-rank, superior overall survival (OS) was demonstrated for gross total resection (p = 0.03). Superior failure-free survival (FFS) was demonstrated for age < 5 years (p = 0.04). No difference in OS or FFS was found between 2D/3D-CRT versus IMRT/proton (p > 0.05). On multivariate analysis, age ≤ 5 was independently associated with a lower risk of death and failure versus older patients (p < 0.05). Contrary to previous reports, young age may not be a poor prognostic factor in patients who can tolerate intensive treatment. Future studies examining patients stratified by clinical and molecular attributes are warranted.
Introduction
Ependymoma is the third most common pediatric brain tumor and frequently affects the young, with one-third found in patients ≤ 3 years of age. Nearly 90% of pediatric ependymomas occur intracranially, with one-third supratentorial and two-thirds infratentorial [1] [2] [3] .
Management of pediatric intracranial ependymoma typically involves maximal surgical resection followed by adjuvant radiation therapy (RT) to the tumor bed; although evidence exists that surgery alone may be curative in subsets of patients with radically resected supratentorial [4] [5] [6] [7] and posterior fossa [8] ependymoma. The extent of surgical resection has been shown in multiple retrospective series to be the most important factor for both local control and survival, but gross total resection (GTR) historically has only been possible in about half of all patients [3, [9] [10] [11] . For patients with residual disease, the role and optimal timing of second-look surgery is uncertain [12] . While adjuvant RT has been shown to improve outcomes, the optimal dose and 1 3 volume are uncertain, and several trials are aimed at assessing the role of conformal RT [13] . The use of chemotherapy has been explored in both the adjuvant and neo-adjuvant setting, including in very young children with the intent to delay RT, with limited success [9-12, 14, 15] . Unfortunately, randomized data concerning these multiple treatment modalities is currently lacking. More recently, it has become evident that ependymoma includes a spectrum of molecularly and biologically distinct entities with different clinical behavior, indicating that optimal therapy may vary depending on molecular subtype [16] .
Despite significant advances in surgery and RT over the last several decades, morbidity and mortality in children with ependymoma remains high, with 5-year overall survival (OS) ranging from 50 to 85% and progression-free survival (PFS) ranging from 23 to 65% [17] [18] [19] . In this series, we report our institutional experience with ependymoma patients ≤ 18 years of age since 1984, focusing on patterns of relapse.
Methods and materials

Patient population
The study was approved by our internal Institutional Review Board and includes pediatric patients age ≤ 18 years at initial diagnosis of a primary intracranial ependymoma, who were treated at our institution with surgery, RT, and/or chemotherapy between 1984 and 2015. Histopathological diagnosis of ependymoma was confirmed on all patients by a neuropathologist at our institution. Patients receiving resection were deemed to have either GTR or subtotal resection (STR), as determined on post-operative imaging (5% computed tomography [CT] of the head, 95% magnetic resonance imaging [MRI] of the brain) after one or more resections as part of definitive management; no intermediate classification was used. We identified 82 consecutive patients meeting the above criteria.
Statistical analysis
Statistical analysis was performed with Stata Version 13.0 (StataCorp, College Station, TX, USA). Failure-free survival (FFS) was calculated from the time of diagnosis to first relapse at any site. The Kaplan-Meier method was used to assess FFS and OS. Univariate log-rank analysis was conducted to assess association of age, gender, tumor location, tumor grade, extent of resection, cerebrospinal fluid (CSF) diversion, use of chemotherapy, and use, modality, and dose of RT with OS and FFS. Multivariate Cox-proportional hazards analysis was conducted using age, gender, tumor location, grade, extent of resection, hydrocephalus requiring CSF diversion, use of chemotherapy, and use of RT to assess their association with risk of failure and mortality. Survival estimates are reported separately for patients receiving upfront management and for patients receiving management after relapse at our institution. A threshold p-value of ≤ 0.05 was used to determine statistical significance for all comparisons.
Results
Presentation
Baseline characteristics of the 82 patients are shown in Table 1 . Of the sample, 48% of patients first presented to our institution before relapse and 52% presented after relapse. Among patients presenting to our institution before relapse, outside management prior to presentation included clinical evaluation only in 4%, radiographic diagnosis in 17%, biopsy in 1%, surgical resection in 20%, and surgery and adjuvant treatment in 6%. On initial presentation, the median age was 4.1 years (range 0.1-18.8 years); a total of 34 patients (41%) were aged 36 months or younger. Other key characteristics were 55% male, 71% infratentorial, and 68% WHO Grade III. The most commonly reported presenting symptoms were nausea/vomiting, headache, ataxia, and cranial nerve palsies. Hydrocephalus was present in 80% of patients. Median reported symptom duration prior to initial presentation was 1 month (range 0-12 months). Diagnosis was guided by imaging in all cases, with 5% diagnosed before 1988 on CT of the head and the remaining 95% diagnosed in 1988 or after on MRI of the brain. All patients had localized disease at time of initial diagnosis, evaluated by MRI spine and/or lumbar puncture. Molecular classification was conducted in 9 recent patients (11%), all initially diagnosed in 2009-2015, primarily using next generation sequencing with the MSK-IMPACT platform [20] . Of these, three patients with supratentorial tumors displayed RELA fusion and the remainder had indeterminate findings.
Disease management
A summary of treatment approach is displayed in Fig. 1 . As part of definitive management, 99% had surgery with 68% receiving GTR and 30% STR. One patient was unable to receive resection due to brainstem involvement and underwent biopsy only. Five patients (6%) had second-look surgeries, resulting in 4 GTR and 1 STR. At the time of initial surgery, 38% of patients required CSF diversion: 2% endoscopic third ventriculostomy, 9% external ventricular drain, and 27% ventriculoperitoneal shunt.
Adjuvant treatment was given to 93% of patients; 70% received RT and 37% received chemotherapy. Median RT dose in high dose region was 55.8 Gy (range 1 3
14.4-59.4 Gy); 41% received > 54 Gy and 35% received 59.4 Gy. Modality was 2D/3D-conformal radiotherapy (CRT) in 26%, IMRT in 22%, and proton in 22%. Primary RT volume was involved field ± margin in 41% (24% infratentorial, 17% supratentorial), posterior fossa in 20%, and craniospinal axis in 6%. Median RT duration was 44 days (range 24-61). Median duration between first surgery and start of RT in patients who did not receive postsurgery chemotherapy was 48 days. Among all patients, 23% received chemotherapy without RT, 10% received chemotherapy before RT, and 4% received chemotherapy after RT. The most commonly used agents were cisplatin/ carboplatin (32%), vincristine (30%), etoposide (27%), and cyclophosphamide (22%).
Outcomes
At a median follow-up of 4.6 years (range 0.1-32.9 years), relapse occurred for 74% (61/82) of all patients at a median of 1.5 years (range 0.1-17.5 years) after diagnosis. Among these patients, patterns of relapse included 67% local, 23% distant, 10% combined local and distant. Among patients receiving GTR as part of initial management, relapse occurred in 64% (36/56), of which 63% were local, 24% were distant, and 12% were combined local and distant. Among patients receiving subtotal resection, relapse occurred in 73% (19/26), of which 79% were local, 16% were distant, and 5% were combined local and distant. Among patients receiving adjuvant RT as part of initial management, relapse occurred in 75% (43/57), of which 65% were local, 28% were distant, and 7% were combined local and distant. Among patients not receiving adjuvant RT, relapse occurred in 72% (18/25), of which 72% were local, 11% were distant, and 17% were combined local and distant. Among 39 patients presenting to our institution for primary tumor management, median follow-up duration was 4.4 years (range 0.2-32.9 years) and 46% of patients relapsed. Of these, 78% of relapses were local, 22% were distant, and 0% were combined local and distant. Among those receiving management prior to relapse at our institution, 44% of patients expired at a median of 4.9 years (range 0.6-20.2 years) after initial diagnosis. Kaplan-Meier estimates of the 5-year OS and FFS are 70% (95% confidence interval [CI] 50-83%) and 48% (95% CI 30-64%), respectively (Fig. 2) Among 43 patients presenting to our institution for management after relapse, median follow-up duration after initial diagnosis was 4.7 years (range 0.9-32.1 years). Among these patients, 70% expired at a median of 4.2 years (range 0.9-30.8 years) after initial diagnosis. For patients presenting to our institution after relapse, the Kaplan-Meier estimate of the OS at 5 years after initial diagnosis is 49% (95% CI 33-63%).
Among all patients, univariate log-rank analysis yielded superior OS for GTR (p = 0.03) and superior FFS for age < 5 years (p = 0.04). Gender, tumor location, tumor grade, CSF diversion, use of chemotherapy, and use, modality (2D/3D-CRT vs. IMRT/proton), and dose of RT were not significantly associated with OS or FFS. (Table 2 ) Among all patients, multivariate Cox proportional hazards analysis (Table 3 ) revealed a significantly lower risk of mortality associated independently with age ≤ 5 at diagnosis (hazard ratio [HR] 0.47, p = 0.040) and GTR (HR 0.53, p = 0.042) and higher risk of mortality associated with use of chemotherapy (HR 2.22, p = 0.038) and increasing year of diagnosis (HR 1.08, p = 0.002). Multivariate analysis yielded a significantly lower risk of relapse associated with age ≤ 5 at diagnosis (HR 0.38, p = 0.002) and higher risk of relapse associated with increasing year of diagnosis (HR 1.08, p < 0.001). On subgroup analysis of 39 patients presenting to our institution prior to relapse, multivariate analysis yielded a significantly lower risk of mortality associated with GTR (HR 0.21, p = 0.044) and higher risk of mortality associated hydrocephalus requiring CSF diversion (HR 4.89, p = 0.026). Subgroup analysis also yielded a higher risk of relapse associated with increasing year of diagnosis (HR 1.17, p = 0.030).
Relapse management
Of patients who relapsed, 74% experienced a subsequent relapse; the median number of total relapses with an intervening period of apparently controlled disease was 2 (range 1-11). Among all patients, cumulative proportions of eventual relapse were 63% local, 32% distant brain sites, 30% spine (4% spine as only site), and 2% extra-axial (n = 2, peritoneal and vertebral). Relapse management included surgical resection in 89%, RT in 82% (25% CSI), chemotherapy in 73%, and intrathecal radioimmunotherapy in 20%. Of 61 patients experiencing relapse, 43 expired at a median 2.4 years (range 0.3-30.2 years) after relapse.
Discussion
Relapse patterns and survival
In this study of pediatric patients treated at a single institution for newly diagnosed or recurrent intracranial ependymoma over a 31-year period, patterns of relapse were as follows: 67% local, 23% distant, and 10% combined local and distant relapse. Among patients presenting to our institution prior to relapse, 5-year OS and FFS were 70 and 48%, respectively. These data are consistent with previous reports of intracranial ependymoma, which have shown that local failure accounts for the vast majority of recurrences [11, 18, 19, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Among series involving postoperative RT, 5-year OS and event-free survival (EFS) rates have ranged from 54 to 85% and 41-74%, respectively [11, 14, 21-25, 27, 28] . While multivariate analysis in this series among all patients revealed a significantly higher risk of death and relapse with each passing year, only a higher risk of relapse was found on subgroup analysis of patients presenting to our institution prior to relapse. A higher risk of relapse and/ or death may be explained in part by patients with adverse disease characteristics preferentially presenting to our institution in more recent years.
In the era of postoperative RT, the most comprehensive survival data has been published by St. Jude Children's Hospital, as well as US and European cooperative groups. to 2007 and compared several strata: (1) observation for gross totally resected, differentiated supratentorial ependymoma, (2) chemotherapy + second-look surgery, and RT for incompletely resected ependymoma, (3) conformal RT after near total or macroscopic GTR, independent of tumor grade or location, and (4) conformal RT after microscopic GTR, regardless of tumor grade or location, excluding supratentorial, differentiated tumors. The 5-year EFS (± standard error) of these strata were 61 ± 14, 39 ± 7, 67 ± 5, and 70 ± 4%, respectively [4, 5] . Additionally, ACNS0121 showed that treatment of patients age < 3 years with early RT was feasible and associated with superior disease control. ACNS0831 is a randomized phase III trial, which opened in March 2010 and aims to compare 5-year EFS and OS for patients randomized to adjuvant chemotherapy or observation after irradiation [32] . While younger age at diagnosis has historically been associated with poorer outcomes, data from this series suggest that age < 5 at diagnosis may be independently associated with a decreased risk of mortality. This may be influenced by achievement of relatively high rates of GTR, adjuvant radiotherapy, and/or adjuvant chemotherapy among these patients at our institution relative to other institutions. While more aggressive management including radiotherapy may be deferred or omitted preferentially for young patients, recent studies have suggested that the benefits of superior disease control may outweigh the risks of radiotherapy-related sequelae, particularly with conformal treatment techniques such as IMRT or proton therapy [31, 33] . Another potential explanation for the observed findings is differences in molecular subtype composition between patients < 5 years of age and those ≥ 5 years of age; a disproportionately high proportion of subtypes associated with a favorable prognosis, such as ST-EPN-YAP1 or PF-EPN-B, could explain the outcomes observed in patients < 5 years of age. While subtyping information is not yet available for a majority of patients in the present study, a future analysis is planned.
Surgery
Extent of surgical resection has been shown in multiple series to be the most important factor for local control and survival [11, 12, 14, 15, 18, 21, 23, 25] . Additionally, second-look surgeries to enable maximal resection have shown promise in several series without significant additional morbidity [12, 18, 19, 34] . GTR was shown to be prognostic in the present series for OS on univariate log-rank and for OS and FFS on multivariate Cox analysis. However, only 5% of patients received > 1 surgery in the present series. Possible explanations for this include upfront management at outside institutions and more recent acceptance of the effectiveness of this technique; half of our sample was diagnosed before 2004. While all patients in this series were evaluated for extent of resection using post-operative imaging, recent studies have demonstrated that microscopic GTR may further facilitate disease control and survival [5, 35] . Additionally, while most patients had extent of resection evaluated with MRI, patients diagnosed before 1988 were evaluated by post-operative CT, representing a possible confounder within the analysis.
While hydrocephalus and the requirement for CSF diversionary procedures have been linked to endocrine and cognitive outcomes among patients with ependymoma [33, 36] , we found an independent association between hydrocephalus requiring CSF diversion at initial surgery with risk of death among patients receiving primary disease management at our institution. However, these results may also be linked to tumor size, specific location, and involvement of adjacent structures, which could not be accounted for in our analysis.
Adjuvant radiotherapy
Adjuvant RT has been shown to improve outcomes for patients with intracranial ependymoma [33] . While early studies suggested that ependymoma had a predilection for spinal failure, modern studies in the era of improved imaging have shown that spinal failures are rare even in the absence of CSI [14, 37] . As a result, local field RT has become standard. While the appropriate volume for posterior fossa tumors has been disputed, recent evidence has shown favorable results with irradiation to the involved field + a 1 cm margin surrounding the post-operatively defined tumor bed [18] .
The COG trials have also tested the hypothesis that reducing of the target volume of RT is associated with a decrease in side effects without compromise of local control rates, and results from ACNS0121 support the use of limited-volume irradiation, even for patients as young as 12 months old [13] .
While patients in the current study were heterogeneously managed, we did not find differences in FFS or OS by RT volume, which may support the use of involved field RT to reduce short-and long-term sequelae such as cognitive decline, hearing loss, endocrine deficits, and growth abnormalities. Dose has also been shown to be an important factor in disease control, particularly since the primary pattern of relapse in ependymoma is local. In particular, doses > 54 Gy have been linked to superior outcomes [38] . A total of 41% of patients in the present study received > 54 Gy in this series, with most of these receiving treatment in the last 15 years. RT technique has evolved over the last several decades, with intensity-modulated radiotherapy (IMRT) and proton therapy offering greater conformality as compared to 2D/3D-CRT. Recent series have shown that patients treated with IMRT or proton therapy have similar progression-free survival to conventional RT methods with lower rates of toxicity [29, 31, 39] . We did not find differences in FFS or OS when comparing IMRT/proton therapy to 2D/3D-CRT, indicating that disease control is not compromised with greater conformality.
Adjuvant chemotherapy
Evidence is mixed regarding the role of chemotherapy in the treatment of localized intracranial ependymoma. The best 1 3 response rates to chemotherapy have been noted in young children who receive chemotherapy after initial resection [40] . Platinum-based agents have shown the most activity in phase II trials of ependymoma patients, and cisplatin/carboplatin were among the most frequently used agents used in the present study. Adjuvant chemotherapy trials have not shown any FFS or OS benefit, nor has there been a conclusively proven benefit shown to using chemotherapy to delay RT [21, 41, 42] . While the UKCCSG/SIOP CNS 9204 study showed that patients < 3 years of age could potentially avoid or delay RT, results from the AIEOP protocol demonstrated disappointingly low EFS and OS rates [43, 44] . In the present study, adjuvant chemotherapy was used in over half of patients < 3 years of age, often in an attempt to avoid RT. However, chemotherapy did not confer a benefit in terms of OS or FFS on univariate log-rank analysis and was associated with a roughly two-fold increase in risk of mortality on Cox analysis, possibly reflecting the impact of deferred or omitted RT. Adjuvant chemotherapy has shown a potential role in bridging to subsequent tumor resection [12] . This approach was also investigated in ACNS0121, which showed low rates of surgical morbidity, and continues to be investigated in ACNS0831 [5, 32] .
Relapse development and management
The majority of patients experienced more than one local relapse, with many patients experiencing > 2 with intervening periods of apparently controlled disease. Cumulatively, 30% of patients eventually experienced spinal relapse, though this was concomitant with relapse at local or distant sites in the brain in all but 4% of patients. These data support the use of local field RT as upfront therapy but simultaneously highlight the need for improved local control with novel treatment strategies. Similar to initial management, successful management of relapsed patients has centered around maximal safe resection and re-irradiation, whereas chemotherapy has not shown a proven benefit [45, 46] . The most common therapies used for relapsed patients in the present study were surgery and re-RT. However, the optimal RT volume, fraction size, and technique, as well as the role of novel therapies such as vaccines, hypomethylating agents, and radioimmunotherapy remain active areas of investigation [47] [48] [49] .
Molecular subtyping
Molecular, genetic, and epigenetic analysis of tumor may help to guide prognosis and treatment for intracranial ependymoma. Recent studies have identified nine subtypes based on DNA methylation profiling, of which three apply to supratentorial tumors. Among supratentorial tumors, the RELA fusion subtype (ST-EPN-RELA) is typically found in preschool-aged children and associated with an inferior survival outcome, whereas the YAP1 subtype (ST-EPN-YAP1) is much rarer, found in young children, and appears to be associated with a superior survival outcome. A third subtype of supratentorial ependymoma, subependymoma (ST-SE), is found predominantly in adults and associated with superior survival [16, 50] . In our study, three supratentorial patients (aged 2, 6, and 12 at initial diagnosis) were found to be ST-EPN-RELA subtype and relapsed 1.3 (local), 1.2 (local), and 3.2 (distant brain) years after initial diagnosis, respectively. Future directions may examine the roles of more aggressive therapy in high risk groups, such as ST-EPN-RELA patients, and therapy de-escalation in lower-risk groups, such as ST-EPN-YAP1 patients. Posterior fossa subtypes identified include Group A (PF-EPN-A), Group B (PF-EPN-B), and subependymoma (PF-SE), but subtyping of the posterior fossa ependymoma patients in our series was not available during the period of the present study. Routine subtype testing for all ependymomas was implemented at our institution in 2015 after Pajtler et al. published the seminal paper on molecular classification of ependymal tumors [50] . Future directions may examine the roles of more aggressive therapy in high risk groups, such as ST-EPN-RELA patients, and therapy de-escalation in lower-risk groups, such as PF-EPN-B patients [8] .
In addition to molecular subtype, chromosome copy number alterations are associated with prognosis. Gains in chromosome 1q have been shown to be an independent poor prognostic factor for progression, particularly at distant sites [16, 35] ; studies examining the role of CSI in these patients are ongoing and future studies identifying other copy number alterations may elucidate targets for therapy. Risk stratification by molecular subtype has been shown to be superior to histopathologic grading and is expected to facilitate future risk-tailored, prospective clinical trials in ependymoma [16, 50] .
Conclusions
Limitations of the present study include the retrospective design spanning multiple decades, heterogeneous patient population, management, and histopathologies represented, lack of molecular data, and probable confounders within the analysis. Though this series represents a relatively large cohort of ependymoma patients, subgroup analysis may be prone to Type I and Type II errors. Nonetheless, the data presented adds to our current understanding on relapse patterns, prognostic factors, and outcomes of children with localized intracranial ependymoma. In particular, the results of this series generate the hypothesis that patients < 5 years of age may preferentially benefit from GTR followed by adjuvant RT. In addition, the results also suggest that more conformal 1 3
RT techniques, including IMRT and proton therapy, are not associated with increased risk of failure or death despite a high likelihood of local failure among intracranial ependymoma patients. Ongoing multi-institutional prospective trials will provide a clearer depiction of optimal management for these patients, particularly as molecular subtyping is more uniformly incorporated. Given the potential morbidity of treatment, therapy modulation based on risk may be important in enabling not only good disease control but also excellent functional outcomes.
